Experiment 1
All experimental methods are described in detail in a companion journal article (Goos, et al., 200x) . In short, the laboratory experiments were incubations with 40 g of an alkaline Ulen soil from near Leonard, ND. Iron solubility was determined by the DTPA method of Lindsay and Norvell (1978) , which is the standard Fe soil test in this region. Experiment 1 was a preliminary trial, performed to confirm the findings of Matocha and co-workers. The Ulen soil was treated with three different plant materials (alfalfa, pigweed, soybean meal), both with and without ferrous sulfate. Pigweed was included because this material was effective at increasing Fe availability in Matocha's studies.
The results of Experiment 1 are shown in Table 1 . When applied without ferrous sulfate, none of the plant materials increased Fe solubility above the control. However, when applied with ferrous sulfate, the plant materials increased Fe solubility substantially over ferrous sulfate alone. The effect of plant material on Fe solubility appeared to be fairly long-lived, persisting to four weeks of incubation. All plant materials also increased DTPA-extractable manganese (Mn) in soil (data not shown, see Goos et al., 200x) . Experiment 1 confirmed the studies of Matocha and associates in Texas. Subsequent experiments were designed to evaluate sugar beet by-products for this effect.
Experiment 2
This experiment was conducted in the same way as Experiment 1, except that a lower Fe rate and different plant materials were evaluated. The results are shown in Table 2 . In general, all plant materials increased the solubility of Fe from ferrous sulfate, compared to ferrous sulfate applied alone. Application of ferrous sulfate plus sugar beet molasses gave the highest overall Fe levels. For example, after two weeks of incubation, there were 4.2 mg Fe/kg extracted from the control, 8.7 mg/kg extracted where ferrous sulfate alone was applied, but 20.8-27.4 mg Fe/kg where ferrous sulfate was applied with beet molasses.
Experiment 3
This experiment was performed to determine if the effect of plant material on Fe solubility was increased or decreased by inclusion of ammonium sulfate. Ammonium sulfate addition with wheat straw or beet molasses should stimulate microbial growth, by providing a nitrogen source to assist in decomposition. The results are shown in Table 3 . In the absence of ferrous sulfate, straw tended to decrease Fe solubility compared to the control. Molasses had no effect on Fe solubility in the absence of ferrous sulfate. With ferrous sulfate, however, both straw and molasses increased Fe solubility. Molasses was superior to straw, even though it was applied at half the rate of the straw. Ammonium sulfate had no effect on Fe solubility, with or without ferrous sulfate or plant material.
Experiment 4
This experiment was performed to compare two different types of molasses, and method of application. Regular molasses was compared to spent molasses (also called desugarized molasses or raffinate). Spent molasses has little commercial value. The materials were applied as a spot application and also mixed with the soil. The results are shown in Table 4 . In the absence of molasses or spent molasses, Fe solubility from ferrous sulfate was better with mixed application than spot application. This is possibly because the Fe had more opportunity to react with soil humus with a mixed application. Both molasses and spent molasses increased Fe solubility in the DTPA extracts, compared to ferrous sulfate alone. Even though it has a lower sugar content, the spent molasses was at least equal to regular molasses in increasing Fe solubility. This suggests a possible new use for spent molasses, to make fertilizer solutions with ferrous sulfate. Further studies are needed.
Field Studies
Three treatments were applied at five sites in October 1999. The treatments were a control, 40 lb/A of ferrous sulfate monohydrate (12 lb Fe/A), and 40 lb/A of ferrous sulfate plus 250 lb/A of beet molasses. The treatments were dissolved in water, and sprayed on untilled crop residues, allowed to dry for 1-2 days, and tilled in. At the Galesburg site, the crop residues were corn stalks, which were incorporated by moldboard plowing. Crop residues were wheat straw at all other sites, and the treatments were rototilled in. Soil samples were taken in November, 1999, and May 2000, and analyzed for DTPA-extractable Fe. The spring soil samples were also used to grow 'Glacier' soybeans in the greenhouse. The sites were planted to 'Glacier' soybean in late May. Two chlorosis ratings (2-3 trifoliolate and 5-6 trifoliolate) and seed yields were determined.
The effect of ferrous sulfate and beet molasses on DTPA-extractable Fe at four field sites is shown in Table 5 . The Galesburg site was not sampled, because the treatments were plowed, not mixed with the topsoil. With fall sampling, Fe solubility at all sites was increased with ferrous sulfate treatment, and the highest Fe levels found when ferrous sulfate was applied with molasses. Averaged across site, there were 7.6 mg/kg of extractable Fe in the control, 8.5 mg/kg with ferrous sulfate alone, and 9.5 mg/kg with ferrous sulfate plus molasses. The same trends were observed with the spring samplings. The data were erratic at the Argusville site, but at the other three sites the data were very similar to the fall samplings. Ignoring the Argusville site, the extractable Fe was 4.3 mg/kg with the control, 5.2 mg/kg with ferrous sulfate, and 6.2 mg/kg with ferrous sulfate plus molasses.
The spring soil samples were taken to the greenhouse, mixed in equal parts with sand, and grown at 15 and 20% water content, to induce differing amounts of chlorosis. The chlorophyll contents of the first and second trifoliolate leaves are shown in Table 6 . There was no effect on treatment on leaf chlorophyll with soil from the Argusville and Casselton sites. With soil from the Arthur site, the chlorophyll tended to be increased by ferrous sulfate treatment with the higher water level. With soil from the Ayr site, application of ferrous sulfate, with or without molasses, increased the greenness of the leaves (reduced chlorosis).
Field estimates of chlorosis are shown in Table 7 . The Arthur site was lost due to standing water after heavy June rains. There was no significant effect of treatment at any site. At the Ayr site, the control plots were more yellow in two of the three replicates, but the difference didn't reach statistical significance. This trend was evident both at the 2-3 and 5-6 trifoliolate stages. The effect of the field treatments on seed yield is shown in Table 8 . No significant effects on yield were observed, although yields tended to be higher with fall ferrous sulfate treatment at three of four sites.
Conclusions
Application of ferrous sulfate with molasses and spent molasses increased Fe solubility in a calcareous Ulen soil. Spraying wheat stubble in the fall with ferrous sulfate, or ferrous sulfate with molasses, increased Fe solubility at four field sites. Chlorosis in soybean was somewhat reduced at one site of four, but the effect was not strong, possibly due to the long interval between application (October) and appearance of chlorosis (June). Perhaps a better crop response to ferrous sulfate plus molasses or spent molasses would be obtained with applications made at planting time. Given the widespread nature of Fe chlorosis of soybeans, and the large quantities of spent molasses available with little commercial value, this idea deserves another try, particularly with applications made at seeding time, perhaps as a band with or near the seed.
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